Microglia, the resident immune cells of the central nervous system, have been indicated to play central roles in the initiation and/or aggravation of neurodegeneration in a number of neurodegenerative disorders, including Parkinson disease (PD) 1 (1) (2) (3) (4) . However, what triggers microglial activation in PD and other neurodegenerative diseases remains to be determined.
It is generally accepted that microglia can be activated directly by products of microorganisms (5, 6) , environmental toxicants (7) , and protein aggregates like amyloid ␤ aggregates (8) or indirectly after neurodegeneration is induced (9) . Carvey et al. (10) have demonstrated that exposure to lipopolysaccharide, the major component of bacterial walls, during early life could constitute a potential mechanism leading to dopaminergic (DAergic) cell death and subsequent development of PD. On the other hand, the research group led by Hong has proposed that parkinsonian toxicants can be divided into three major categories with respect to microglial activation and DAergic neurodegeneration: 1) those activating microglia directly followed by induction of neurotoxicity, 2) those activating microglia by damaging neurons first, and 3) those activating microglia and causing neurodegeneration simultaneously (1) . The corresponding prototypes of these toxicants are lipopolysaccharide, 1-methyl-4-phenylpyridine (MPP ϩ ), the active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and rotenone, respectively (1) .
Other environmental toxicants that have been linked to PD development include paraquat and manganese ethylene bisdithiocarbamate (Mn-EBDC) (11) (12) (13) (14) . Several groups, including us, have demonstrated that Mn-EBDC induces selective DAergic neurodegeneration both in vivo and in vitro. In addition, the pathogenesis appears to involve mitochondrial and proteasomal dysfunction with increased oxidative stress (11, 12, 14, 15) . It is not clear, however, whether Mn-EBDC, the active component of the widely used fungicide maneb (11, 12) , could produce DAergic neurotoxicity via microglial activation.
The other major issue that remains to be investigated is the mechanisms by which DAergic neurodegeneration, regard-less of etiology, activates microglia, thereby resulting in progressive neurodegeneration and disease progression. In a recent study, we have demonstrated that aggregated ␣-synuclein potently activates microglia via a mechanism that involves phagocytosis of aggregated ␣-synuclein by microglia (16) . This observation is very similar to, although more potent than, that induced by aggregated amyloid ␤ (8) . The second potential culprit that might lead to microglial activation following neurodegeneration in PD is neuromelanin released from damaged neurons (17) , but direct nigral injection of human neuromelanin in rats failed to produce such effects (18) . Other potential endogenous mediators of microglial activation include tissue-type plasminogen activator and matrix metalloproteases (19) , although their roles in PD are largely unexplored.
Thus, in the current study, with various defined culture systems, we tried to address two issues: 1) whether parkinsonian toxicant Mn-EBDC-mediated DAergic neurodegeneration also involves microglial activation and 2) what are the potential mechanisms mediating neurodegeneration-mediated microglial activation.
EXPERIMENTAL PROCEDURES
Primary Neuron-enriched and Microglial Cultures-All experiments related to animals were conducted in compliance with protocols approved by the Institutional Animal Care and Use Committee at the University of Washington.
Primary rat ventral mesencephalic neuron-enriched cultures were prepared by following our previously published protocol with minor modifications (16) . Briefly ventral mesencephalic tissues were dissected from embryonic day 13/14 Sprague-Dawley rats (Charles River, Wilmington, MA) and then treated with papain (15 units/ml, Worthington Biochemical Corp., Lakewood, NJ). After mechanical trituration by pipetting, the cells were seeded to 24-well (5 ϫ 10 5 /well) culture plates precoated with poly-D-lysine (20 ng/ml) and laminin (Collaborative Biomedical Products, Bedford, MA) and maintained in 0.5 ml/well Neurobasal medium (Invitrogen) supplemented with 1% B27, 4 mM L-glutamine, 50 units/ml penicillin, and 50 g/ml streptomycin. Cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 , 95% air. Cytosine ␤-D-arabinofuranoside (2.5 M, Sigma) was added to cultures on the 2nd day after seeding to suppress the proliferation of glial cells. The cultures were changed back to fresh medium 3 days later. Purity of neurons was assessed by counting cells stained with various antibodies (16, 20) as follows. 1) Neurons were stained with the monoclonal anti-neuron-specific nuclear protein (NeuN) (Chemicon, Temecula, CA). 2) DAergic neurons were detected with the polyclonal rabbit anti-tyrosine hydroxylase (TH) (Chemicon, Temecula, CA). 3) Astrocytes were recognized with the polyclonal glial fibrillary acidic protein (GFAP) (Dako, Carpinteria, CA). 4) Microglia were detected with a monoclonal antibody against the CD11b/c complement receptor (OX-42) (BD Pharmingen).
To perform immunohistochemistry, 4% formaldehyde-fixed cells were blocked and incubated overnight at 4°C with primary antibodies diluted in antibody diluents (anti-NeuN, 1:200; anti-TH, 1:2,500; anti-OX-42, 5 g/ml; or anti-GFAP, 1:1000) followed by fluorescent labeled secondary antibodies, i.e. cross-absorbed goat anti-mouse (Alexa Fluor 488, Molecular Probes, Eugene, OR) and donkey antirabbit (Alexa Fluor 568, Molecular Probes). Nuclei were stained by DAPI. Images were recorded using an inverted fluorescence microscope (Nikon TE200, Meridian Instrument Co., Kent, WA) with a charge-couple device camera and MetaMorph software (Universal Imaging Systems, West Chester, PA). For visual enumeration of the immunostained cells in cultures, 10 representative areas per well were counted. Notably only cultures containing Ͻ0.1% microglia and Ͻ8% astrocytes were used for experiments. Of the total neurons, 3.0 -4.5% were DAergic neurons.
Microglia primary cultures were prepared from whole brains of 1-3-day-old Sprague-Dawley rats as described previously with minor modification (21) . In brief, brain tissues, devoid of meninges and blood vessels, were dissociated with papain (10 units/ml) and DNase I (0.01%, Worthington Biochemical Corp.) treatment followed by a mild mechanical trituration. The isolated cells (5 ϫ 10 7 ) were seeded into 175-cm 2 culture flasks in Advanced Dulbecco's modified Eagle's medium (Invitrogen) containing 10% fetal bovine serum, 2 mM Lglutamine, 50 units/ml penicillin, and 50 g/ml streptomycin. The cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 , 95% air, and the medium was changed 1 and 4 days later, respectively. On reaching confluence (10 -14 days), the microglia were separated from astrocytes by shaking the flasks. The enriched microglia were Ͼ98% pure as determined by counting OX-42-immunoreactive (IR), GFAP-IR, and NeuN-IR cells.
Neuron-Microglia Interaction-To study the interaction of microglia with DAergic neurons, microglia and primary mesencephalic neuronenriched cultures were co-cultured in 24-well culture plates either directly or separated by a microporous membrane (polyester Transwell inserts; pore size, 0.4 m; Corning, Corning, NY). In brief, the purified microglia were plated into 7-day-old primary mesencephalic neuron-enriched cultures, and the treatments were started 4 h after the addition of microglia. The co-cultures were treated with different concentrations of either Mn-EBDC or MPP ϩ (Sigma) for 7 days in Neurobasal medium supplemented with 1% B27, 4 mM L-glutamine, 50 units/ml penicillin, and 50 g/ml streptomycin at 37°C. Mn-EBDC was synthesized as described previously (14, 22) , aliquoted, and kept under nitrogen until use. Stock solutions were prepared freshly in Me 2 SO.
To study the interaction of microglia with immortalized DAergic neurons, a rodent mesencephalic neuronal cell line, MES 23.5 (MES), with many features of DAergic neurons (15, 23) was cultured in Dulbecco's modified Eagle's medium/F-12 medium containing 1% N-2 supplement, 2% fetal bovine serum, and 50 units/ml penicillin and streptomycin at 37°C in a 5% CO 2 humidified incubator. Cells were plated onto 0.005% poly-D-lysine-precoated 96-well plates or 100-mm dishes (cell density for both, 1 ]GABA (a total of 5 M GABA) in Krebs-Ringer buffer, respectively. After being washed three times with ice-cold Krebs-Ringer buffer, the cells were collected in 0.4 ml of 1 N NaOH, and radioactivity was counted with a liquid scintillation counter (LS6500 multipurpose scintillation counter, Beckman Coulter). Nonspecific uptake was determined in parallel wells that received both the tritiated tracer and 10 M mazindol for [ 3 H]DA uptake or 10 M NO-711 and 1 mM ␤-alanine for [ 3 H]GABA uptake (25, 26) .
DAergic neurotoxicity of MES cells was evaluated by the Live-Dead assay (Molecular Probes) with two fluorescent indicators of membrane integrity (26 ϩ at 25 M for 3 days. The conditioned media were carefully collected and centrifuged at 260 ϫ g for 12 min at 4°C to concentrate the cell debris and very large aggregates. Next the supernatants were again centrifuged at 4000 ϫ g for 30 min at 4°C to obtain the second pellet and the residual supernatant. Both pellets were resuspended in culture medium. Aliquots of three fractions (normalized to equal cell numbers at the time of harvesting) were then incubated with microglia-enriched cultures for 24 h before the extent of microglial activation was evaluated.
Determination of Microglial Activation-The extracellular prostaglandin E 2 (PGE 2 ) level was measured as an index for microglial activation. PGE 2 monoclonal enzyme immunoassay kit was obtained from Cayman Chemical Co. (Ann Arbor, MI). Assays were performed following the manufacturer's specifications. Microglial activation was also assessed by examining microglial morphology after immunohistochemical stain with OX-42 antibody.
Proteomic Analyses-To search for the potential mediators of microglial activation induced by Mn-EBDC-or MPP ϩ -induced neurotoxicity, a newly developed quantitative proteomic technique termed SILAC (for stable isotope labeling with amino acids in cell culture) was used (27) . Essentially two groups of MES cells were grown in identical culture media except for one essential amino acid, L-arginine: the first media contains the "light" (L-[ 12 C 6 ]Arg isotope), and the other contains the "heavy" form (L-[ 13 C 6 ]Arg isotope; Cambridge Isotope Laboratories, Andover, MA). After being cultured for at least five generations (to achieve near 100% incorporation of arginine (27, 28) (29), combined, and resolved by 8 -16% SDS-PAGE. After electrophoresis, Coomassie Brilliant Blue-stained protein bands were cut and in-gel trypsin (Promega, Madison, WI)-digested (22, 30) . Proteins/peptides were separated by LC followed by identification with MS/MS using a proteomic system (LCQ DECA XP PLUS, ThermoElectron, San Jose, CA). Data search was accomplished using Sequest (ThermoElectron) against the mouse ϩ rat protein IPI (for International Protein Index) database version 3.01. At least two peptides were required for any protein identification. PeptideProphet and ProteinProphet software were used to enhance the accuracy of protein identification by calculating the probability of a protein that is likely to be identified correctly; this process also takes percentage of peptide coverage of the particular protein into account. Relative protein abundance between experimental groups was calculated using an algorithm termed the automated statistical analysis of protein abundance ratio. All of these methods are used routinely in our laboratory (22, 30, 31) .
Statistics-The obtained data were evaluated by one-way analysis of variance and Newman-Keuls test using a commercially available computer software program (Prism 3.0, GraphPad, San Diego, CA). Repeated measures were performed at least three times in all experiments. p Ͻ 0.05 was accepted as significant.
RESULTS
We began our investigation on toxic effects of Mn-EBDC, the active component of the widely used pesticide maneb, and MPP ϩ , the active component of a classical parkinsonian toxicant MPTP, on DAergic neurons (Fig. 1) . Rat primary mesencephalic neuron-enriched cultures were treated for 7 days with 2-8 M Mn-EBDC or 0.25-5 M MPP ϩ , respectively.
[ 3 H]DA uptake and the number of TH-IR neurons were measured to assess neurotoxicity to DAergic neurons. As shown in Fig. 1, A sure that the dosages used were specific for DAergic neurons (Fig. 1) . As shown in Fig. 2 , the addition of microglia significantly increased the sensitivity of DAergic neurons to both Mn-EBDC-and MPP ϩ -induced neurotoxicity; the increase in sensitivity to both neurotoxicants positively correlated with the percentage of microglia added to the neuron-enriched cultures.
It is noteworthy that activated microglia in neuron-glia cocultures appeared to be clustering around degenerating DAergic neurons, especially degenerating neurites or axons (Fig. 3A) . This phenomenon is consistent with an early notion that degenerating neurons may be the trigger for microglial activation (32) . To further study the potential mediators of microglial activation secondary to neurodegeneration, we repeated the experiments in the following three conditions: 1) neuron-enriched cultures without microglia added, 2) neuronenriched cultures directly mixed with 20% microglia, and 3) mixed neuron-microglia cultures with microglia and neurons being separated with a microporous membrane (pore size, 0.4 m). All cultures were treated with Mn-EBDC at 2 M or MPP ϩ at 0.5 M for 7 days with DAergic toxicity assessed by determining [
3 H]DA uptake. As seen in Fig. 3B , it is obvious that Mn-EBDC-or MPP ϩ -mediated toxicity was significantly and sufficiently attenuated by the porous membrane. From these results, it was concluded that microglial activation followed by aggravation of DAergic neurotoxicity induced by Mn-EBDC or MPP ϩ requires either direct contact of neurons with microglia or mediation via high molecular weight molecules and aggregates.
To further narrow down the potential mediators of microglial activation induced by parkinsonian toxicants, we switched our system to immortalized DAergic MES cells as the percentage of DAergic neurons in primary mesencephalic cultures is typically too low (usually Ͻ5% of total neurons) for more defined mechanistic studies. In this study, MES cells were treated with Mn-EBDC at 4 M or MPP ϩ at 25 M for 3 days before the conditioned media were fractioned into three parts by centrifugations: 260 ϫ g pellet, 4000 ϫ g pellet, and 4000 ϫ g supernatant. As shown in Fig. 4 , treatment of Mn-EBDC or MPP ϩ for 3 days produced substantial neurotoxicity (Fig. 4A ). Notably these results were very similar to what we observed previously (15) . Next all three fractions were applied to primary microglia-enriched cultures for 24 h, and the PGE 2 concentration was measured in the conditioned media as an index for the extent of microglial activation. Remarkably the 260 ϫ g pellet fraction was most potent in mediating microglia activation (Fig. 4B) 
FIG. 2. Addition of microglia significantly and progressively enhanced the sensitivity of DAergic neurons to both Mn-EBDC and MPP
؉ -mediated neurotoxicity. Purified microglia were plated into 7-day-old primary mesencephalic neuron-enriched cultures with a serial density from 5 ϫ 10 4 /well to 1 ϫ 10 5 /well, and then the cocultures were treated with either 2 M Mn-EBDC or 0.5 M MPP ϩ for 7 days at 37°C, respectively. DAergic neuronal cell viability was determined by [ 3 H]DA uptake. Each point represents the mean Ϯ S.E. of at least four independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01 compared with the Mn-EBDC-treated neuron-enriched only cultures.
to determine the protein profiles in the membranous fraction of the 260 ϫ g pellet after MES cells were treated with MPP ϩ . This approach was taken for the following two reasons. 1) Unlike MPP ϩ , Mn-EBDC also directly activated microglia, particularly at high concentration (data not shown), which would introduce ambiguity in data interpretation with respect to the mechanisms by which microglia are activated.
2) The proteome of neurons is very complex, and all current MS technology is biased toward abundant proteins; thus, focusing on only one fraction would enhance our ability to discover low abundance yet more interesting proteins.
To perform the proteomic experiments, MES cells were cultured in light and heavy SILAC reagents, respectively, for 3 days before being treated with MPP ϩ at 25 M for another 3 days. Then the membranous fractions were isolated from the 260 ϫ g pellets of the conditioned media from control and MPP ϩ -treated MES cells, combined together, and then subjected to further fractionation using an SDS-PAGE method.
LC-MS/MS analysis of 10 PAGE fractions identified a total of 621 proteins in the membranous protein fraction. A detailed protein list is provided in Supplemental Appendix I, and the functional classes of proteins are illustrated in a pie chart (Fig.   FIG. 4 . Activation of microglia by fractionated conditioned media. A, MES cells were plated in 100-mm dishes at a density of 1.56 ϫ 10 4 /cm 2 and exposed to either Mn-EBDC at 4 M or MPP ϩ at 25 M for 3 days; both toxicants produced substantial neurotoxicity. Data are expressed as percentage of controls from five independent measurements using Live-Dead assays. B, MES cells were treated with Mn-EBDC at 4 M or MPP ϩ at 25 M for 3 days followed by fractionation of the conditioned media into the 260 ϫ g pellet, 4000 ϫ g pellet, and 4000 ϫ g supernatant (Super) fractions. Each fraction (normalized to same cell numbers at harvesting) was applied to rat primary microglia-enriched cultures for 24 h; the extent of microglial activation was performed by PGE 2 assay. Each time point represents the mean Ϯ S.E. of at least five independent measurements. **, p Ͻ 0.01 compared with vehicle cultures.
FIG. 5.
Classifications of proteins identified in the membranous fraction isolated from the 260 ؋ g pellet. This chart is generated with all identified proteins, about 17% of which do not have known functions. Note that when a protein could be assigned to multiple classes of functions, it was assigned to the one that is best known.
FIG. 3. Microglial enhancement of DAergic neurotoxicity induced by Mn-EBDC or MPP
؉ appeared to require either direct contact of neurons with microglia or mediation via high molecular weight molecules. A, clustering of activated microglia around degenerating DA neurons (arrows) in directly mixed co-cultures. Red, TH-IR neuron; green, activated microglia (OX42-IR); blue, DAPIstained nuclei. B, mesencephalic neuron-enriched cultures were either mixed directly with 20% microglia (1.0 ϫ 10 5 cells) or co-cultured with the same percentage of microglia with a porous membrane (Transwell) preventing direct contact of these two types of cells. All cultures were treated with either 2 M Mn-EBDC or 0.5 M MPP ϩ for 7 days at 37°C followed by assessment of DAergic neurotoxicity by 5). Notably a significant portion of these proteins (about 17%) has no known functions, i.e. they are novel. It should be emphasized, however, that because none of the biochemical methods could obtain absolutely pure membranous factions, it is quite possible that some of these proteins may not actually associate with cell membranes. Thus, the more realistic advantage of fractionation of the 260 ϫ g pellet is that we could enrich the proteins that are low in abundance, thereby allowing us to discover novel proteins that are low in abundance but demonstrate significant changes between two experimental conditions. In this regard, our method identified 38 proteins that either increased or decreased by more than 100% in MPP ϩ -treated cells as compared with controls. Another 26 proteins changed Ͼ50% but Ͻ100% as compared with controls (Table I) .
DISCUSSION
Using various well defined culture systems, we demonstrated that microglia were actively involved in Mn-EBDC-and MPP ϩ -induced selective DAergic neurodegeneration. Furthermore we showed that microglial activation secondary to DAergic neurodegeneration induced by Mn-EBDC or MPP ϩ was at least partially mediated by either direct cell contact or factors with high molecular weights. Finally using quantitative proteomics, we identified numerous candidate proteins that could potentially contribute to microglial activation induced by neurodegeneration.
Consistent with previous observations made by us and others, Mn-EBDC and MPP ϩ produced significant DAergic selective neurotoxicity in primary mesencephalic culture as well as in immortalized MES cells (15, (32) (33) (34) . More importantly, Mn-EBDC-and MPP ϩ -mediated neurotoxicity was enhanced by the addition of microglia to the cultures, concurring with the hypothesis that microglial activation initiated either directly by offending factors or secondary to neuronal cell death could contribute to further neurodegeneration. With respect to direct activation of microglia, various environmental toxicants and infectious agents that release a variety of neurotoxic proinflammatory mediators have been hypothesized to trigger or aggravate neurodegeneration in PD in several parkinsonian models (35) (36) (37) . There is also epidemiological evidence to support this hypothesis (38) , although direct evidence for involvement of infectious agents remains to be established (39) .
Although direct microglial activation by various agents is worth pursuing, the current study was more focused on microglial activation secondary to neuronal death, an issue directly related to potential mechanisms of disease progression. A number of factors have been proposed to mediate microglial activation after neuronal cell death in PD, including neuromelanin (17) and aggregated ␣-synuclein (16). However, in this study, the cellular fraction isolated from the conditioned media (i.e. the 260 ϫ g pellet) that potently activated microglia had no increase in aggregated ␣-synuclein (Western blot data not shown) as compared with controls. To search for potential mediators to guide us in future research, we used a quantitative proteomic approach comparing the membranous fraction of the 260 ϫ g pellet isolated from the conditioned media between MPP ϩ -treated MES cells and those of controls. This approach identified more than 600 proteins in this fraction that can be classified into several major classes, including functions related to cytoskeleton, signal transduction, metabolism, and ubiquitin proteasomal system (UPS). Notably there is a significant portion of proteins that has no known functions (Fig. 5) . It should be emphasized that although it is quite possible that all of these proteins are somehow linked to the membrane, contaminants from other cellular compartments cannot be ruled out given that sensitive MS technology could detect trace amount of proteins. Another caveat associated with proteomics is that proteins could be misidentified due to the current incomplete database; thus, validation needs to be performed on the proteins of interest before extensive biological experiments are pursued.
In contrast to cataloging proteins, quantitative proteomics is advantageous in that it identifies proteins with changes in relative abundance that are biologically more interesting. Among the 621 proteins identified, 63 of them displayed significant difference in relative abundance in MES cells treated with MPP ϩ as compared with vehicle-treated controls (Table I) . Although there is still a significant portion of proteins without known functions, quite a few identified proteins are appealing, e.g. those related to UPS, cytoplasmic membranous proteins that might be involved in cell-cell contact, or molecular trafficking and those related to signal transduction/ regulation of cellular redox stages.
Proteins related to UPS include proteasome subunit F, ␣2, and ubiquitin-activating enzyme E1 1. UPS dysfunction has been demonstrated in PD patients as well as parkinsonian animals. Although it is possible that these proteins are just caught with protein aggregates that ultimately activated mi- croglia, their potential role in the direct activation of microglia might merit further pursuit. In fact, accumulating evidence has suggested that UPS plays a pivotal role in microglial function as well (40) . The second major category of interesting proteins, e.g. clathrin coat assembly protein AP17, is related to cytoplasmic membrane protein or lipid trafficking. Although detailed mechanisms remain to be defined, clathrin-mediated endocytosis has been clearly implicated in microglial activation in a number of settings, including Alzheimer disease (40) . The last category of intriguing proteins, e.g. thioredoxin-like protein 2, is related to regulation of cellular redox states. It has been known that thioredoxin plays a cytoprotective role against oxidative stress and alleviates MPTP-mediated neurotoxicity (41) . In fact, it has been reported that MPP ϩ suppresses thioredoxin expression in PC12 cells (42) . A decreased level of this protein in the conditioned media derived from MES cells treated with MPP ϩ is in line with this observation. Finally its role in microglial activation may also need to be investigated further.
In summary, we have demonstrated that microglia are actively involved in Mn-EBDC-and MPP ϩ -induced selective DAergic neurodegeneration. In addition, with a nonbiased proteomic study, we have identified a number of novel proteins that might be involved in microglial activation secondary to DAergic neurodegeneration.
